We analyzed the distribution of 0TX2 during mouse development. 0TX2 is a homeoprotein encoded by Otx2, a vertebrate homeobox gene expressed in the developing brain and anterior head regions. The protein is already detectable in pre-streak embryos, in nuclei of embryonic ectoderm or epiblast and primitive endoderm or hypoblast. Its distribution is uniform along the entire epiblast, while showing an antero-posterior gradient along the hypoblast at the time when primitive streak first forms. Between embryonic day 7 (E7) and E7.5 there is a progressive confinement of the protein to the anterior ectoderm corresponding to the forming headfold. At E7.5-E7.8, the protein is mainly confined in this region but is still present, though at lower level, in more posterior ectoderm. Starting from day 8 of development it is essentially confined to anterior neuroectoderm corresponding to presumptive fore-and midbrain. Its subsequent distribution in forebrain, midbrain, developing isthmo-cerebellum and posterior central nervous system is analyzed in detail. Of particular interest is the presence of 0TX2 in nuclei of cells of the olfactory system starting from its origin in the olfactory placode. OTX2 protein is present in some cells of the olfactory epithelium, in both the major olfactory epithelium and the vomero-nasal organ, and in scattered migratory cells present in the mesenchyme outside it. These cells surround the axon bundles of the olfactory nerve along its path from the olfactory epithelium in the nasal cavities to the olfactory bulb in rostra1 telencephalon and include both ensheathing glial cells and luteinizing hormone-releasing hormone (LHRH)-positive cells.
Introduction
0tx2 is a vertebrate homeobox gene related to orthodenticle (ad), a Drosophila gene (Finkelstein et al., 1990; Wieschaus et al., 1992; Hirth et al., 1995; Royet and Finkelstein, 1995; reviewed in Finkelstein and Boncinelli, 1994) implicated in the control of head development of the fruit fly. 0tx2 was originally isolated in mouse and man Ang et al., 1994) , and subsequently in Xenopus luevis (Blitz and Cho, 1995; Pannese et al., 1995) and chick (Bally-Cuif et al., 1995) . Cognate genes have also been isolated in zebrafish (Li et al., 1994;  are present in unfertilized frog (Pannese et al., 1995) and zebrafish (Li et al. 1994 ; our unpublished data) eggs. Zygotic transcripts are already detectable in pre-gastrulae of mouse (Simeone et al., 1993; Ang et al., 1994; Acampora et al., 1995) , frog (Blitz and Cho, 1995; Pannese et al., 1995) , chick (Bally-Cuif et al., 1995) and zebrafish (Li et al., 1994) . Early mouse and chick Otx2 transcripts are confined to the embryonic portion of pre-streak embryos, mainly in primary ectoderm or epiblast but also in primary endoderm or hypoblast. A transition occurs when the primitive streak has reached its maximal extension, between embryonic day 7 (E7) and E7.5 in the mouse (Simeone et al., 1993; Ang et al., 1994) HH4+ in chick (Bally-Cuif et al., 1995) . Most Otx2 transcripts are now detectable in anterior portions of the embryo, mainly in neuroectoderm of the headfold, fated to give rise to fore-and midbrain. During subsequent organogenesis, Otx2 transcripts are detectable prevalently in the developing head, and specifically in most regions of foreand midbrain and in special sense organs.
Otx2 expression levels have been experimentally modulated in frog embryos and the resulting phenotypes analyzed (Pannese et al., 1995) . Its downregulation, for example upon treatment of zygotes with retinoic acid, produces tadpoles lacking rostra1 brain and anterior head structures. On the contrary, its overexpression achieved by microinjecting in zygotes increasing amounts of in vitro-synthesized Otx2 mRNA results in increasingly shortened embryos with severely reduced trunk and tail and an expansion of head structures. These manipulated embryos quite often also show ectopic secondary anterior structures. These observations suggest a role for this gene in specifying anterior head and the spatial relationship of this body region with more posterior developmental domains.
Similar conclusions have been drawn from gene disruption experiments in the mouse (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) . Homozygous null 0tx2 mutants fail to gastrulate properly and stop developing at early midgestation (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) . The most conspicuous phenotype of these mouse embryos is the deletion of rostral brain regions anterior to rhombomere 3, including forebrain and midbrain. Close inspection of these null mutants reveals developmental defects already in the proper expansion of the epiblast, in the elongation of the primitive streak, which appears incomplete, and in the formation of axial mesoderm derivatives, in particular prechordal mesoderm and notochord. The deletion of anterior neural structures probably reflects the defective formation and migration of anterior axial mesendoderm cells. These observations support the cognition of an essential role for the prechordal mesendoderm in patterning the anterior neural tube. In conclusion, these results imply 0tx2 in the pathways of primitive streak formation, axial mesendoderm formation and anterior head development. On the other hand, the early lethality of homozygous Otx2-embryos prevents detailed conclusions about late functions of this gene. More information about this aspect can be obtained from the analysis of heterozygous mutant embryos (Matsuo et al., 1995) which display a variety of craniofacial malformations.
Here, we report the distribution in mouse embryogenesis of OTX2, the protein product of 0tx2. As expected, the temporal profile of this distribution closely parallels that of RNA transcripts, but the resolution and sometimes the sensitivity of this analysis is considerably higher, so allowing delineation of finer details. We focused our attention on 0TX2 distribution in gastrulating embryos and forming midbrain, cerebellum and olfactory system.
Results

Preparation and characterization of an anti-07X2 polyclonal antiserum
A rabbit polyclonal antiserum was prepared against the purified recombinant human 0TX2 protein produced with the Baculovirus expression system as described in Section 4. As shown in Fig. lA In order to determine whether the anti-0TX2 antiserum is able to recognize the fully processed 0TX2 expressed in mammalian cells, HeLa cells were transiently transfected with the expression vector pCMV-OTX2 (see Section 4). Immunofluorescent analysis of transfected cells showed that nuclei of approximately 10% of HeLa cells were brightly stained when reacted with the anti-0TX2 antiserum (Fig. lB) , while cells transiently transfected with the vector alone were negative (not shown).
Earliest expression in ES.SE8.5 mouse embryos
The earliest stage we analyzed is implanted blastocyst at E5.5. In pre-streak embryos the 0TX2 protein is present throughout the embryonic ectoderm or epiblast and hypoblast, but not in extraembryonic tissues (Fig. 2a,b ). At E6.5, OTX2 is detectable in the evolving hypoblast with a higher abundance in rostra1 regions as compared to more caudal ones (arrows in Fig. 2c ) and in the entire epiblast. The situation remains substantially unmodified in E7.0 embryos (Fig. 2d) . The immunoreactivity in the epiblast is clearly stronger in the external portion. This asymmetry simply reflects the fact that the nuclei of this pseudo-stratified layer lie preferentially in such a position, as revealed by propidium iodide nuclear labeling. A few faintly stained cells can also be detected in the earliest mesendoderm ingressing through the primitive streak (Fig. 2c,d) .
As already observed with in situ hybridization, the 0TX2 expression pattern changes between E7.0 and E7.5. In fact, at E7.5-E7.8 the protein displays a strong expression in the anterior neuroectoderm of the headfold and a progressive decrease in more posterior ectoderm (Fig.  2e,f) . It is also detectable in anterior mesendoderm (Fig.  2e, arrow) . The posterior boundary of 0TX2 expression in anterior neuroectoderm appears considerably sharper at E&O-E8.5. In this period the protein becomes almost entirely confined to the anterior neural plate but also to the heart anlage ( Fig. 2h ).
Expression in rostra1 brain
At El0 the protein is present in the entire forebrain with the exception of preoptic recess but its intensity is considerably lower in dorsal telencephalon, corresponding to the presumptive cerebral cortex (Fig. 3a, arrow) . The regression of OTX2 from dorsal telencephalon is almost total at El 1.
In diencephalon the protein distribution closely parallels that of the corresponding transcripts (Simeone et al., 1993) . 0TX2 is in the epithalamus (Fig. 3d,e) , in the ventricular layer of dorsal thalamus (Fig. 3d) , in the zona limitans intrathalamica (Fig. 3c,d , empty arrows) and in portions of the hypothalamus (Fig. 3b-f ). In the developing hypothalamus immunoreactivity is detectable in the preoptic (Fig. 3e) and mammillary arrow; Fig. 3f ) area as well as around the infundibular cavity (Fig.   3f ).
The protein is expressed in the mesencephalon from E9.5. Here, three phases of expression can be distinguished in its evolution. At the beginning, between E9.5 and El 1.5, the protein is distributed quite homogeneously across the whole width of the tectum anlage (Fig.  4a,a',a" ). At E12.5 it appears almost completely restricted to its marginal portion (Fig. 4b, b', b", arrows) . This restriction becomes progressively apparent between E12.5 and E13.5 (not shown). Since E14.5, a new, more ventricular wave of expression arises in caudal tectum. The final expression pattern, with the protein localized in ventricular position in the presumptive inferior colliculus and in marginal layers in the presumptive superior one, is fully established at about E16.5 (Fig. 4c,c' ,c"). This midbrain distribution will persist throughout development and in postnatal period (not shown).
In order to better define OTX2 distribution in superior colliculus, we compared it with that of the calbindin D28k protein (Fig. 4d) (Mize et al., 1992) . 0TX2 (gray brown) is mainly detectable in cells of superficial gray.
Expression in isthmo-cerebellum and posterior central nervous system
It is interesting to consider in detail the expression of 0TX2 protein in the developing cerebellum, where it demarcates the precursors of the granule neurons ( Fig. 5) . At E10.5, a faint transient signal is present in isthmus. It is restricted to a few cells in a rostral-alar portion of rhombencephalon and disappears at El 1.5 (Fig. 5a,b) . At E14.5, in the cerebellar anlage the OTX2 protein is restricted to the so-called germinal trigone, immediately overlying the choroid plexus of the fourth ventricle ( Fig.  5c,d , bent arrows). Between E15.5 and E17.5 the immunoreactivity extends rostrally along the marginal surface, that is the external granular layer (EGL), of cerebellar bud. A dynamic gradient of expression is generated with a caudal maximum and a rostra1 minimum ( Fig. 5d-f ). Comparison of OTX2 and calbindin D distribution in E17.5 embryos confirms the confinement of OTX2 in the EGL (Fig. 5g ). Calbindin D (light blue) is highly expressed in Purkinje cells (Christakos et al., 1987) , whereas 0TX2 (brown) is restricted to the granule precursors localized in the more superficial EGL. At P2 a new signal appears in the forming internal granular layer (IGL) (Fig.  5h) . At P4 this new signal becomes stronger and the IGL ep, epithalamus; di, diencephalon; dt, dorsal thalamus; if, infundibulum; ma, mammillary area; me, mesencephalon; oc, optic chiasma; oe, olfactory epithelium; poa, pre-optic area; te, telencephalon; vt, posterior portion of ventral thalamus; 3v, third ventricle.
and EGL signals coexist at high level in almost the entire cerebellum ( Fig. 5i) . Conversely, at P15 the protein is weakly detectable only in the most caudal IGL (Fig. 51) .
The 0TX2 protein is also detectable in the rhombospinal regions of the developing central nervous system (CNS). Transverse sections show that the protein is present in nuclei of a few cells symmetrically located. The majority of them are loosely clustered in a position Apparent in (e,f) is the strong expression in the neuroectoderm of the headfold and the progressive decrease in intensity in more posterior ectoderm. In (a,b) and in (g,h) immunoreactivity was revealed by, respectively, AP and HRP conjugated secondary antibodies; no signal amplification was performed by biotin-streptavidin. Conversely, in (c-f) immunoreactivity was detected according to the more sensitive streptavidin-biotin complex technique and revealed by HRP. am, amniotic cavity; ec, embryonic ectoderm; h, heart anlage; hf. headfold; rb, rostra1 brain; xec, extraembryonic ectoderm.
A. Mallamuci et al. /Mechanisms of Development 58 (1996) 165-l 78 171 slightly dorsal to the sulcus limitans and midway between the ventricular and the marginal surface. Additional scattered cells are located in the basal plate. Fig. 6 shows this pattern at E13.5.
Expression in the olfactory system
0TX2 protein is detectable in the olfactory placode of El0 embryos (Fig. 7a) . When the placode invaginates, the signal becomes progressively stronger in the deepest part of the nasal pits (Fig. 7c) , where the main olfactory epithelium (MOE) develops. Within the MOE many nuclei express the protein. Starting from E12, this is mainly restricted to nuclei lying in luminal position (Fig. 7c,d,g-i) . Conversely, within the vomero-nasal organ (VNO), only a very few cell nuclei express the protein (Fig. 7e) .
Three populations of isolated cells expressing OTX2 can be detected in mesenchymal tissue of olfactory region outside the MOE and VNO. Starting from E12, two parallel rows of small OTX2-positive cellular clusters can be observed on transverse sections, lying in between the nasal pits (Fig. 7d,g ). Serial analysis of several adjacent sections revealed that they form longitudinal columns, extending from the olfactory epithelium to the olfactory bulb region in the anterior medio-basal forebrain. Double immunostaining of this region was performed with the anti-0TX2 antibody and a polyclonal antibody against the microtubule-associated-protein Tau, able to stain dendrites and growing axons (Chen et al., 1992; GordonWeeks, 1993) . Examination of transverse (Fig. 7h ,i) and sagittal (Fig. 71,m) sections of El2 embryos revealed that these cells are arrayed in cylindrical structures that appear to ensheath the axon bundles of the olfactory and vomeronasal nerves, along the trajectories they follow from the medial MOE and the VNO to the olfactory bulb.
A second population of scattered cells localized just ventral to the anlage of the olfactory bulb was detected on sagittal sections of E11.5 (Fig. 7f, arrows) and El2 (Fig.  7j,k) embryos. Double immunoiabelling revealed that these cells are tightly associated with the most distal parts of olfactory axons growing towards the olfactory bulb (Fig. 7j,k) . Finally, OTX2-positive cells, possibly associated with the axons arising from the lateral MOE to the olfactory bulb, can also be detected dorsally and laterally to the olfactory pits, confined to the most dorsal levels (data not shown).
At least three cell populations have been described that originate from the olfactory placode and migrate towards the telencephalic vesicles together with the axon bundles of the olfactory and the vomero-nasal nerves: the ensheathing glial cells, the luteinizing hormone-releasing hormone (LHRH)-producing cells and the olfactory marker protein (OMP)-immunoreactive cells. The comparison of 0TX2 expression in this region with LHRH and glial fibrillary acidic protein (GFAP) (Barber and Lindsay, 1982) immunoreactivity demonstrated that some of these cells are indeed LHRH-producing cells (Fig. 7n) , while most of the others are ensheathing glial cells expressing GFAP (Fig. 70). 3. Discussion
The protein distribution in early embryos
The temporal profile of OTX2 expression in pre-streak and gastrulating embryos substantially parallels that of the corresponding transcripts (Simeone et al., 1993; Ang et al., 1994) . Nevertheless, three considerations are in order. First, we observed an intensity gradient in the anterior to posterior distribution of the protein in pre-streak and early-streak hypoblast. Technical reasons most probably prevented observation of this gradient at the mRNA level in the mouse, whereas it was clearly detectable in prestreak and early-streak chick embryos (Bally-Cuif et al., 1995) . In this respect, one could argue that OTX2-positive cells of hypoblast are involved in the genetic cascade of regulatory events leading to the establishment and maintenance of anterior-posterior positional values of the embryo. These positional values might originate in primitive endoderm, possibly as degrading levels of 0TX2 protein, and subsequently be transferred to the overlying ectoderm (Ang et al., 1994) . A key step in this process might consist of the activation of 0tx2 in embryonic ectoderm more or less directly caused by the 0TX2 protein present in the adjacent endodermal cells. This hypothesis, already put forward on the basis of the study of early expression of 0tx2 in mouse (Ang et al., 1994) and frog embryos (Pannese et al., 1995) , is supported by data from mouse embryos bearing homozygous null mutations of Otx2, where a large part of the coding Otx2 sequence is replaced by the #?-galactosidase gene (Acampora et al., 1995) . These mutants show strongly reduced /3-galactosidase levels in embryonic ectoderm, while maintaining good /?-galactosidase expression in mesendoderm. This observation suggests that an inductive signal required to sustain 0tx2 expression in the ectoderm layer but not in the external layer, could be missing in the absence of a functional Otx2 allele. Second, the distribution of 0TX2 protein in the ectoderm between E7.5 and E7.8 is less sharply restricted than the corresponding transcripts. In fact, during this short period the in situ hybridization signal is confined to the rostra1 portion of the embryo (Simeone et al, , 1993 Ang et al., 1994; Acampora et al., 1995) , whereas the protein is also detectable, even if at lower intensity level, in posterior regions of the midstreak embryo. This difference might either be simply due to different sensitivity of the two detection methodologies or reflect a real biological difference. This may in turn imply regulated differential translation or, alternatively, a relatively long half-life of the protein in such a context. For example, in Strongylocentrotus purpuratus, the protein synthesized by SpOtx, the sea urchin counterpart of Otx, is detectable in aboral ectoderm cells of late stage embryos several hours after SpOtx mRNA has disappeared (Gan et al., 1995) . It is conceivable that the presence of decreasing levels of OTX2 in neuroectodermal regions posterior to the headfold play some role in patterning the corresponding CNS regions. In most of the severely affected Otx2-mouse embryos, the rhombencephalic region also showed abnormalities of variable degree with no evidence of hindbrain segmentation (Acampora et al., 1995) .
Finally, Acampora et al. (1995) observed that the /lgalactosidase activity was almost undetectable in the ectoderm of E6.SE7.25
Otx2+'-embryos, even though the corresponding RNA was clearly present. They hypothesized, among other things, that the observed repression might reflect ordinary mechanisms of post-transcriptional regulation exerted on 0tx2 transcripts specifically in the ectoderm and limited to this time window. This suggestion appears particularly intriguing since translational repression mechanisms are known to play crucial roles in specifying anterior-posterior polarity in early embryos of several species. We failed to observe any effect of this type on endogenous 0TX2 protein distribution in normal embryos. The phenomenon observed by Acampora et al. (1995) in transgenic mice should probably be attributed to the particular structure of the disrupted Orx2 allele they used.
The protein distribution in central nervous system
As already reported for Otx2 transcripts , OTX2 protein is present in many regions of the developing forebrain but around El0 progressively disappears from the dorsal telencenphalon.
This observation might imply that the absence of these gene products is a prerequisite for the proper development of cerebral cortex.
OTX2 protein in developing midbrain is initially uniformly distributed in proliferating neuroepithelium, while subsequently mostly restricted to neurons of the superficial gray layer of the superior colliculus, a very ancient integration center in the visual pathway. In the rat these neurons are the major target of retinal ganglion cells (Linden and Perry, 1983; Dreher et al., 1985) and in turn project to deeper layers. Such a general organizational feature is shared by all mammals (Hartig et al., 1973; Stein, 1981) and, indeed, by all vertebrates (Stein, 1981; Stein and Gaither, 1983) .
0TX2 protein expression in the murine cerebellar area is specifically detectable in granule cells and their precursors. These are originally located in the germinal trigone near the choroid plexus of the fourth ventricle, inside the rostral-alar area of the hindbrain. From there they migrate, while still proliferating, towards the rostra1 end of the cerebellar bud, transiently giving rise to the external granular layer. After the end of their tangential migration, they stop dividing, start to migrate inward through the Purkinje cell layer and finally settle in the forming internal granular layer (Miale and Sidman, 1961; Rakic, 1971; Altmann and Bayer, 1978) . Granule cells and their precursors express high levels of protein while migrating, whether in an intermitotic or in a postmitotic phase. They are strongly immunoreactive for 0TX2 during their tangential migration from the germinal trigone and in their radial migration toward deeper regions. In contrast, the expression of OTX2 significantly fades out at P1.5, when the majority of these cells have reached their final location. All these data are in agreement with the results previously reported in the rat for the Otx2 mRNA distribution in the same domain (Frantz et al., 1994) .
The association between cell movement and Otx2 expression is not unique to cerebellar domains. In X. laevis gastrulating embryos, for example, 0tx2 is specifically expressed in migratory cells of the dorsal deep zone that crawl along the blastocoel roof, ultimately to give rise to the anterior mesendoderm of the prechordal plate (Pannese et al., 1995; Blitz and Cho, 1995) .
The oEfactory domain
Particularly interesting is the expression pattern of OTX2 in the olfactory area. Before the formation of the olfactory pits OTX2 is already present in the olfactory placode (Fig. 7a) . In line with these findings, phenotypic analysis performed by Matsuo et al. (1995) in heterozygous Otx2+'-mouse embryos suggests that the OTX2 protein is necessary for the very existence of the olfactory placode and its derivatives.
After the invagination of the placode, when olfactory epithelium forms, the OTX2 protein is present in some cells. Here, it is possible to distinguish at least four cell populations: ciliated sensory neurons, their immature precursors, stamina1 cells and the so-called supporting cells (Farbman, 1990) . The 0TX2 protein is mainly restricted to supporting cells and, possibly, ciliated sensory neurons, whose nuclei are located in the luminal half of the MOE; conversely, basal stamina1 cells and immature olfactory neurons are negative or weakly positive. Thus, in the olfactory epithelium of midgestation to late gestation mouse embryos, the expression of OTX2 characterizes postmitotic and differentiated cells.
Outside the MOE and the VNO, OTX2 is expressed in numerous cells which are located in mesenchymal tissue between the olfactory pits and the ventral forebrain and are physically associated with olfactory axons. Some of these cells lie just ventrally to the anlage of the olfactory bulb and appear to be intermingled with incoming axons (Fig. 7f,j,k) . More ventrally, columns of OTX2-positive cells ensheath the axon bundles that arise from the MOE and the VNO to reach rostra1 telencephalic hemispheres (Fig. 7h,i,l,m) .
Three major such cell populations have been described that originate from the olfactory placode and migrate towards the telencephalic vesicles together with the axon bundles of the olfactory and the vomero-nasal nerves: the ensheathing cells, the LHRH-producing cells and the OMP-immunoreactive cells. The ensheathing cells are presumptive glial cells that guide the olfactory fibers to the telencephalon, enter the telencephalon superficially and contribute to the formation of the olfactory glomeruli (Doucette, 1984 (Doucette, , 1989 Valverde and Lopez-Mascaraque, 1991; Valverde et al., 1992) . LHRH cells originate in the medial olfactory placode, migrate following the branches of the vomero-nasal and terminal nerve and enter the telencephalic vesicles to reach their targets in the hypothalamus (Schwanzel-Fukuda and Pfaff, 1990) . OMPimmunoreactive cells migrate from the MOE to the ventro-lateral aspect of the olfactory bulbs. They follow the route of the olfactory fibers (Pellier and Astic, 1994) , giving rise to the possibility that these cells might act as 'guide post' cells for the olfactory axons in their trajec-qf Development 58 (1996) 165-l 78 tory to the olfactory bulbs (Valverde et al., 1993) . Some of these cells may penetrate the developing bulbs and differentiate into periglomerular cells (Valverde et al., 1992) . We have shown that both LHRH-producing cells and ensheathing glial cells do express the OTX2 protein (Fig. 7n,o) .
It is not easy to understand what all these different cell populations in the olfactory area have in common apart from their migratory nature. The concept that cells specifically expressing OTX2 could play a relevant role in fasciculation and guidance of nerve fibers is not new. We already suggested a similar role for Otx2 (and Otxl) expression in specific regions of the developing diencephaIon of the mouse, including the zona limitans intrathalamica, the first prosencephalic boundary to be established separating dorsal from ventral thalamus Boncinelli, 1994) . In Drosophila the OTD protein was found in nuclei distributed along the nerve cord that extends from the center of each leg disc to the CNS (Wieschaus et al., 1992) , as well as in cells located at the borders of the preoral embryonic brain commissure (Hirth et al., 1995) . In the ventral nerve chord of Drosophila otd-I-embryos the axon fasciculation is perturbed (Finkelstein et al., 1990) . Similarly, in heterozygous Otx2+'-mouse embryos, the oculomotor and the trochlear nerves frequently display anomalies such as poor fasciculation and dorsally directed axonal pathways (Matsuo et al., 1995) . This suggested property of Otx2-expressing cells awaits further analysis.
Experimental procedures
I. Expression of the OiT2 protein and production of anti-07X2 polyclonal antiserum
The murine 0TX2 protein was produced in the Baculovirus system according to the method previously described in detail (Corsetti et al., 1992) with minor modifications. Briefly, pVL941/OTX2 was obtained by inserting the 0.9 kb filled-in EcoRI-EcoRI fragment, corresponding to the coding region of the murine 0tx2 cDNA (Simeone et al., 1993) , in the filled-in BamHI cloning site of pVL941 (Pharmingen, San Diego, CA). Recombinant Baculovirus particles (Baculogold/OTX2) were obtained by transfecting Sf9 cells with the wild type BaculogoidTM (Pharmingen) viral DNA together with pVL941/OTX2 and purified by limiting dilution and dot hybridization. For the production of the 0TX2 protein, Sf9 cells were infected with 5 plaque-forming units (pfu)/cell of the recombinant virus and cells were recovered and lysed as previously described (Corsetti et al., 1992) . Both the cytoplasmic and the nuclear lysates were analyzed in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with silver. Two discrete bands absent in lysates from cells infected with a control virus, were present in the profile of the nuclear lysates, accounting for approximately 1% of the total proteins (not shown). The 0TX2 protein was purified by ion exchange chromatography using Q and S Sepharose Fast Flow columns (Pharmacia-LKB, Uppsala, Sweden). After elution, the fractions containing the recombinant protein were renatured by extensive dialysis against buffer D (20mM HEPES pH 7.9, 100mM KCl, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT) at 4°C. The recombinant protein was stored in buffer D supplemented with 20% glycerol at -80°C. The human EMXl protein used as negative control in Western blot experiments was produced in the Baculovirus system (manuscript submitted).
To produce the polyclonal antiserum a HY-CR rabbit (Charles River, Lecco, Italy) was immunized with subcutaneous injections at 15-day intervals with 1OOpg of the purified 0TX2 recombinant protein in complete Freund's adjuvant (Sigma, St. Louis, MO). Seven days after the fourth injection the rabbit was bled and the serum was tested by enzyme-linked immunoassay utilizing plates coated with purified recombinant OTX2 and alkaline phosphatase (AP)-goat anti-rabbit IgG (H+L) antiserum (Sigma). Antisera directed against mouse antigens were removed from the serum by adsorption with a mouse liver total lysate immobilized on CNBr-activated Sepharose 4B (Pharmacia).
Western blot analysis and immunojluorescence
Nuclei of infected Sf9 cells were lysed in 8 M urea, 1% 2-mercaptoethanol and electrophoresed in 10% SDS-PAGE. Proteins were then transferred to nitrocellulose membranes according to standard procedures (Ausubel et al., 1990) . The filters were incubated with the anti-0TX2 polyclonal antiserum (1: 1500 dilution), followed by an AP-conjugated goat anti-rabbit antiserum from Sigma. NBT and BCIP were used as the substrates (Promega, Madison, WI) with a positive reaction resulting in purple color.
HeLa cells were transiently transfected by the calcium phosphate technique (Ausubel et al., 1990) with the expression construct pCMV-OTX2. pCMV-OTX2 was generated by cloning the Klenow-filled EcoRI-EcoRI fragment containing the complete open reading frame of the Otx2 cDNA (Simeone et al., 1993) into the Klenowfilled-in Hind11 site of the pRC-CMV expression vector (Invitrogen Corporation, San Diego, CA). For immunofluorescence, cytospins were prepared and fixed in 50% methanol/50% acetone at -20°C for 5 min. Cells were incubated for 2-16 h at room temperature with the anti-OTX2 antiserum (1: 1500 dilution in phosphatebuffered saline (PBS), 10% fetal calf serum), followed by extensive washes and by incubation with rhodaminated goat anti-rabbit IgG+IgM (Jackson Immunoresearch Laboratories, West Grove, PA) for 1 h at room temperature.
Mice embryos and immunohistochemistry
B6D2Fl
mice (Charles River) were mated between 2100 and 0700 h. Day 0.5 post coitum was assumed to begin at the middle of the day of vaginal plugging. Pregnant female mice were killed by cervical dislocation and embryos were collected in PBS under a dissection microscope. Paraffin sections were prepared for staining using a previously published procedure (Gurdon et al. 1976; Levi et al., 1987) . Briefly, whole embryos or dissected brains were frozen in isopentane cooled in liquid nitrogen and immediately immersed in methanol at -80°C. The samples were then maintained in methanol at -80°C for 3 days to 1 month, according to the size. The tissues were serially transferred to methanol equilibrated at -2O"C, 4"C, and 20°C for at least 2 h at each step. The samples were then immersed twice in Bio-Clear (Bio Optica, Milan, Italy) until completely clarified for a total period of about 30 min and transferred twice to 100% Paraplast (Bio Optica) at 6O"C, the first time overnight and the second time for 2 h. The samples were then embedded in Paraplast and sections 10 mm thick were cut using a microtome, floated on distilled water at 45"C, collected on washed glass slides and dried on a heating plate at 45°C overnight.
For immunohistochemistry, sections were deparaffinized in Bio-Clear, rehydrated and incubated at room temperature with the anti-OTX2 polyclonal antiserum (1: 1500 dilution in PBS, 10% fetal calf serum) overnight. The rest of the manipulations were generally performed according to the streptavidin-biotin-horseradish peroxidase (HRP) complex technique using a commercially available kit system (Dako, Glostrup, Denmark). Sections of dissected brains of newborn and older mice were permeabilized in 10% sucrose, 0.5% Triton X-100 before the incubation with the anti-0TX2 antiserum. In some experiments, OTX2 immunoreactivity was detected simply by using secondary antibodies conjugated with either HRP or AP (in both cases obtained by Dako and diluted 1:200 in PBS, 10% fetal calf serum), without any amplification step by biotin-streptavidin; the signal was revealed by incubating the specimens with 3-amino-g-ethylcarbazole (AEC) and NBT-BCIP, respectively.
For double immunohistochemistry, a polyclonal antiserum against Tau chicken proteins (Sigma) was used. Section were incubated with anti-0TX2 antiserum and 0TX2 immunoreactivity was revealed according to the streptavidin-biotin-HRP complex technique. Then, sections stained by the anti-OTX2 antiserum were extensively washed in PBS, incubated with the anti-Tau antiserum (1:300 dilution in PBS, 10% fetal calf serum) and finally washed in PBS; Tau immunoreactivity was revealed by AP-conjugated secondary antibodies, as described above.
In double immunohistochemical experiments, specimens were fixed in Histochoice (Amresco) overnight at room temperature, then dehydrated, embedded in wax and processed as described above. Four rabbit polyclonal antibodies were used in addition to anti-OTX2: an antiserum against chicken Tau proteins (Sigma), an antibody against the rat calbindin D-28k (kindly provided by E. Clementi), an antiserum against human LHRH (Sanbio) and an antibody against the cow GFAP (Dako). Two different protocols were followed. For TaulOTX2 and calbindinlOTX2 immunostaining, sections were first incubated with the anti-OTX2 antiserum (1:500) and the OTX2 immunoreactivity was revealed according to the streptavidin-biotin-HRP complex technique. Subsequently, sections stained by anti-OTX2 antiserum were extensively washed in PBS, incubated with anti-Tau or anti-calbindin antisera (1:300 and 1:lOO dilutions, respectively in PBS, 10% fetal calf serum) and finally washed in PBS. Tau or GFAP immunoreactivity was revealed by AP-conjugated secondary antibodies, as described above. Conversely, in the case of LHRH/OTX2 and GFAP/OTX2 immunostaining, sections were first incubated with anti-LHRH or anti-GFAP antisera (in both cases 1:lOO dilution in PBS, 10% fetal calf serum) and the LHRH or GFAP immunoreactivity was revealed according to the streptavidin-biotin-HRP complex technique. Subsequently the same sections, washed extensively in PBS, were incubated with anti-OTX2 antiserum (1500) and washed again in PBS; the 0TX2 immunoreactivity was finally revealed by APconjugated secondary antibodies, as described above.
